Introduction {#sec1}
============

The influenza A virus causes a common respiratory disease that impacts a remarkable part of the human population in seasonal epidemic outbreaks and sporadic pandemics. The susceptibility of the virus to undergo genetic changes leads to the production of new strains, which may resist current therapeutic strategies.[@bib1] To date, US Food and Drug Administration (FDA)-approved antivirals are directed at viral protein targets---neuraminidase (oseltamivir, zanamivir, and peramivir) and the M2 ion channel (amantadine and rimantadine).[@bib2] Amino acid changes causing drug resistance were identified for both targeted proteins in some emerging influenza strains.[@bib2] There is an urgent need to develop new approaches to viral inhibition. The influenza A virus genome consists of eight RNA segments, and the whole replication cycle is governed by the RNA and is dependent on its interplay and dynamics; thus, RNA is a good target for new therapeutics.[@bib3]^,^[@bib4] Published data show that influenza RNA has a complex secondary structure, and it is known and expected that RNA structure correlates with function.[@bib5], [@bib6], [@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12], [@bib13], [@bib14], [@bib15], [@bib16], [@bib17], [@bib18], [@bib19], [@bib20], [@bib21], [@bib22] To date, knowledge about the secondary structure of influenza RNA conserved motifs and entire segments has been successfully applied for the effective development of antisense oligonucleotides and triplex-forming peptide nucleic acid (PNA) oligomers.[@bib12]^,^[@bib14]^,^[@bib15]^,^[@bib22], [@bib23], [@bib24]

RNA-targeting strategies for the regulation of pathogenic RNA are still one of the most studied topics in novel therapy development. They include usage of antisense oligonucleotides, catalytic nucleic acids, and RNA interference (RNAi), as well as application of CRISPR/Cas technologies.[@bib25]^,^[@bib26] Undiscovered knowledge still limits our understanding and further application of each strategy.

One of the issues surrounding RNAi is the efficacy of small interfering RNA (siRNA) against different targets, which seems highly variable. A series of rules concerning duplex features were described and applied to improve siRNA design.[@bib27] 21-nt siRNA carrying 2-nt 3′ overhangs were shown to be effective mediators of the RNAi. 2′-Deoxythymidine in the overhangs is favorable in terms of increased stability of the siRNA. The G/C content should be approximately 50% and G-rich sequences should be avoided. The nucleotide content analysis is especially important at the 5′ and 3′ ends where thermodynamic properties may determine siRNA duplex unwinding and guide strand selection. The siRNA sequence should be unique and target a single gene. Not much is known about target site requirements, especially within the scope of RNA structure. RNA hairpin stems as target regions have been reported to abolish RNAi, while hairpin destabilization influences RNAi in different ways without clear rules.[@bib28]^,^[@bib29] According to several studies, the target RNA structure may have inhibitory effects on RNAi efficiency, and therefore it is reasonable to consider it in designing siRNAs. Some of the findings are still questionable due to contradictory results obtained by different research groups for both the siRNA and targets.[@bib27], [@bib28], [@bib29], [@bib30]

In this study, we designed siRNAs targeting messenger RNA (mRNA) of segment 5 influenza virus (mRNA5) using additional structural criteria for selecting the RNA target region. The target site analyses were carried out on a secondary structure model of (+)RNA5 A/California/04/2009 (H1N1), predicted *in silico* based on bioinformatics data from *in vitro* mapping experiments and conservation of base pairs for type A influenza. We considered functionally important RNA secondary structure motifs and the RNAi structural accessibility for the potential targets. Segment 5 mRNA encodes nucleoprotein (NP). This structural protein is a part of all eight viral ribonucleoprotein (vRNP) complexes. It fulfils crucial roles in the viral replication cycle as a regulator of transcription, replication, and viral assembly.[@bib3]^,^[@bib4]^,^[@bib31]^,^[@bib32] NP is highly conserved among influenza A viruses, and it is probably also less prone to undergo changes causing drug resistance.[@bib2] Influenza (−)RNA (vRNA) is used to produce two types of (+)RNA: cRNA (complementary RNA) and mRNA. The segment 5 mRNA differs from cRNA by being capped and polyadenylated. To date, segment 5 (+)RNA ((+)RNA5)) is the only influenza (+)RNA molecule for which a full-length RNA secondary structure has been determined and described in detail.[@bib14] The published (+)RNA5 structure is based on a set of chemical mapping experiments and isoenergetic microarrays and is supported by bioinformatics analyses of more than 15,000 RNA sequences of type A influenza strains.[@bib14] Therefore, it is possible to rationally design new siRNAs using a structural context for target sites. It is highly possible that previously identified conserved secondary structure motifs in the influenza A strains are preserved for certain functions, and therefore targeting them could influence viral replication. Twelve siRNAs targeting mRNA5 of strain A/California/04/2009 (H1N1) were designed and tested against influenza virus in Madin-Darby canine kidney (MDCK) cells. The results obtained herein demonstrate significant inhibition of viral replication and indicate that conserved structural motifs with accessible regions in RNA may serve as good targets for siRNA-mediated RNAi. Additionally, systematic studies of selected siRNAs with various modifications incorporated to improve siRNA inhibition were conducted. Twenty modified siRNA variants containing 2′-fluoro, thiophosphate, 2′-*O*-methyl, and DNA residues were synthesized, and their inhibitory properties were characterized showing that 2′-fluoro- and thiophosphate-modified siRNAs present the highest antiviral activity. Cell culture studies on modified siRNAs and antisense oligonucleotides targeting influenza RNA show the importance of the RNA target for selection of effective inhibitory oligonucleotide tools.

Results {#sec2}
=======

Design of siRNAs and ASOs Targeting Segment 5 mRNA {#sec2.1}
--------------------------------------------------

We selected the RNAi and antisense oligonucleotide (ASO) target regions based on the secondary structure of (+)RNA5 of the influenza A virus ([Figure 1](#fig1){ref-type="fig"}). The secondary structure of (+)RNA5 from A/California/04/2009 (H1N1) was folded based on the previously determined secondary structure of A/Vietnam/1203/2004 (H5N1) strain (+)RNA5, which is structurally conserved across type A influenza at an average of 87.6% of base pairs.[@bib14] The secondary structure of (+)RNA5 of A/Vietnam/1203/2004 (H5N1) was proposed by applying experimental data, such as that obtained by chemical probing, isoenergetic microarray mapping, and sequence-structure bioinformatics analysis.[@bib14] It was also previously shown that UTRs have minimal influence on global folding of (+)RNA5, and the majority of stable RNA motifs (except regions 577--593 and 833--931) fold independently from the 5′ and 3′ ends.[@bib14] Such a secondary structure with a short distance of 5′ and 3′ ends is in agreement with observed and calculated universal properties of most mRNAs and also long non-coding RNAs (lncRNAs).[@bib33] It is postulated that a short distance between mRNA ends could facilitate interactions of proteins and regulate translation regulation.[@bib33] We therefore analyzed the (+)RNA5 secondary structure model as possessing important structural features that could exist in mRNA5.Figure 1Self-Folding of (+)RNA5 A/California/04/2009 (H1N1) and siRNAs Target RegionsSecondary structure of (+)RNA5 A/California/04/2009 (H1N1) was predicted by Dynalign mode in RNAstructure 6.1 based on type A base pairs conservation data calculated from the previously determined (+)RNA5 secondary structure of A/Vietnam/1203/2004 (H5N1) strain. Target regions for designed siRNAs are marked with orange lines. For the RNA secondary structure model, the predicted accessible nucleotides are marked by a color-coded system based on reactiveness to chemical reagents, as well as isoenergetic microarray mapping results obtained for (+)RNA5 A/Vietnam/1203/2004 (H5N1). Symbols: red circles, predicted strong reactivity; green circles, medium reactivity; black squares, high accessibility to microarray probe; blue squares, moderate accessibility to microarray probe.

Modeling of (+)RNA5 from A/California/04/2009 (H1N1) was conducted by comparison to the secondary structure of (+)RNA5 of A/Vietnam/1203/2004 (H5N1) using the Dynalign[@bib34], [@bib35], [@bib36] mode of the RNAstructure 6.1 program by introducing conserved base pairs determined for type A (≥99% conservation, [Table S2](#mmc2){ref-type="supplementary-material"}) as folding constraints when submitting the A/Vietnam/1203/2004 (H5N1) (+)RNA5 sequence. Four out of 244 anticipated conserved base pairs (pairs 115--217, 133--165, 184--209, and 285--332) were excluded as constraints in prediction due to unfavorable free energy for formation of these base pairs in (+)RNA5 of strain A/California/04/2009 (H1N1) folding caused by the presence of neighboring unpaired nucleotides from both the 5′ and 3′ end ([Figure 1](#fig1){ref-type="fig"}; [Table S2](#mmc2){ref-type="supplementary-material"}). A gap penalty of 0.4 kcal/mol was applied.

The preferential targets for ASOs or siRNAs were chosen in the (+)RNA5 structure regions that were highly modified by mapping reagents, structurally conserved, and potentially accessible for interaction with oligonucleotides ([Figure 1](#fig1){ref-type="fig"}). Additionally, siRNAs targeting mRNA5 were designed by RNAi Designer (Thermo Fisher Scientific), which fulfilled the general rules for selection of mRNA target sequences and requirements for effective interfering siRNA duplexes in mammalian cells (described in the [Introduction](#sec1){ref-type="sec"}).[@bib27] The siRNA designing tool also confronts parameters of a proposed siRNA with the parameters and results obtained for known siRNA sets (tested on different target genes) to assess its potency. Both RNA target structure and sequence were considered in the final step. From the pool of molecules proposed by RNAi Designer, we chose nine siRNAs located in structurally predefined target regions (sequences in [Table 1](#tbl1){ref-type="table"}). Additionally, A/California/04/2009 (H1N1) sequence conservation among influenza type A strains in siRNA target regions was investigated ([Table S3](#mmc1){ref-type="supplementary-material"}). The average sequence conservation ranged from 92.5% for the siRNA 183 target to 72.9% for the 1090 target. The highest average sequence conservation was calculated for positive control-siRNA 1498 (96.6%).Table 1Sequences of Tested siRNAs and ASOsNameSequenceTarget Region**siRNAs**1498s1498GGGUCUUAUUUCUUCGGAG**TT**1498--1516a1498CUCCGAAGAAAUAAGACCC**TT**1342s1342AAUGAAGGACGGACAUCCG**TT**1342--1360a1342CGGAUGUCCGUCCUUCAUU**TT**1342′s1342′A[CA]{.ul}GA[G]{.ul}GGA[A]{.ul}G[A]{.ul}ACAUC[U]{.ul}G**TT**a1342′C[A]{.ul}GAUGU[U]{.ul}C[U]{.ul}UCC[C]{.ul}UC[UG]{.ul}U**TT**1312s1312GCAACCGUUAUGGCAGCAU**TT**1312--1330a1312AUGCUGCCAUAACGGUUGC**TT**1312′s1312′[A]{.ul}CAACC[A]{.ul}UUAUGGCAGCAU**TT**a1312′AUGCUGCCAUAA[U]{.ul}GGUUG[U]{.ul}**TT**1090s1090GGAAAGAAAGUGAUUCCAA**TT**1090--1108a1090UUGGAAUCACUUUCUUUCC**TT**1008s1008CCCAGCUCACAAGAGUCAA**TT**1008--1026a1008UUGACUCUUGUGAGCUGGG**TT**901s901GCAAGUGGGCAUGACUUUG**TT**901--919a901CAAAGUCAUGCCCACUUGC**TT**682s682CGAAGGACAAGGGUUGCUU**TT**682--700a682AAGCAACCCUUGUCCUUCG**TT**682′s682′CGAA[AA]{.ul}ACAAG[AA]{.ul}UUGCUU**TT**a682′AAGCAA[UU]{.ul}CUUGU[UU]{.ul}UUCG**TT**613s613GCAAUGGAGUUAAUCAGAA**TT**613--631a613UUCUGAUUAACUCCAUUGC**TT**613-sF1s613-sF1G**[fC]{.ul}**AA**[fU]{.ul}**GGAG**[fUfU]{.ul}**AA**[fUfC]{.ul}**AGAA**TT**a613UUCUGAUUAACUCCAUUGC**TT**613-sF2s613-sF2G**[fC]{.ul}**AA**[fU]{.ul}**GGAG**[fUfU]{.ul}**AA**[fUfC]{.ul}**AGAA**[fUfU]{.ul}**a613UUCUGAUUAACUCCAUUGC**TT**613-aF1s613GCAAUGGAGUUAAUCAGAA**TT**a613-aF1**[fUfUfCfU]{.ul}**GA**[fUfU]{.ul}**AA**[fCfUfCfC]{.ul}**A**[fUfU]{.ul}**G**[fC]{.ul}TT**613-aF2s613GCAAUGGAGUUAAUCAGAA**TT**a613-aF2**[fUfUfCfU]{.ul}**GA**[fUfU]{.ul}**AA**[fCfUfCfC]{.ul}**A**[fUfU]{.ul}**G**[fC]{.ul}fUfU**613-aF3s613GCAAUGGAGUUAAUCAGAA**TT**a613-aF3**[fUfUfCfU]{.ul}**GA**[fUfU]{.ul}**^**d**^**A**^**d**^**A[fCfU]{.ul}**^**d**^**C[fC]{.ul}**A**[fUfU]{.ul}**G**[fC]{.ul}TT**613-asF1s613-sF1G**[fC]{.ul}**AA**[fU]{.ul}**GGAG**[fUfU]{.ul}**AA**[fUfC]{.ul}**AGAA**TT**a613-aF1**[fUfUfCfU]{.ul}**GA**[fUfU]{.ul}**AA**[fCfUfCfC]{.ul}**A**[fUfU]{.ul}**G**[fC]{.ul}TT**613-sMe2s613-sMe2**[G]{.ul}**^**[M]{.ul}**^**[C]{.ul}**^**[M]{.ul}**^**[A]{.ul}**^**[M]{.ul}**^**[A]{.ul}**^**[M]{.ul}**^**[U]{.ul}**^**[M]{.ul}**^ GGAGUUAAUCAGAA**TT**a613UUCUGAUUAACUCCAUUGC**TT**613-sTT-PSs613-sTT-PSGCAAUGGAGUUAAUCAGAA**[T]{.ul}**^**[PS]{.ul}**^**[T]{.ul}**^**[PS]{.ul}**^a613UUCUGAUUAACUCCAUUGC**TT**613-aTT-PSs613GCAAUGGAGUUAAUCAGAA**TT**a613-aTT-PSUUCUGAUUAACUCCAUUGC**[T]{.ul}**^**[PS]{.ul}**^**[T]{.ul}**^**[PS]{.ul}**^613-sPSs613-sPSG**[C]{.ul}**^**[PS]{.ul}**^AAUGGAGUUAAU**[C]{.ul}**^**[PS]{.ul}**^AGAA**TT**a613UUCUGAUUAACUCCAUUGC**TT**613-aPSs613GCAAUGGAGUUAAUCAGAA**TT**a613-aPSUU**[C]{.ul}**^**[PS]{.ul}**^UGAUUAA**[C]{.ul}**^**[PS]{.ul}**^U**[C]{.ul}**^**[PS]{.ul}**^**[C]{.ul}**^**[PS]{.ul}**^AUUG**[C]{.ul}**^**[PS]{.ul}**^**TT**613-asPSs613-sPSG**[C]{.ul}**^**[PS]{.ul}**^AAUGGAGUUAAU**[C]{.ul}**^**[PS]{.ul}**^AGAA**TT**a613-aPSUU**[C]{.ul}**^**[PS]{.ul}**^UGAUUAA**[C]{.ul}**^**[PS]{.ul}**^U**[C]{.ul}**^**[PS]{.ul}**^**[C]{.ul}**^**[PS]{.ul}**^AUUG**[C]{.ul}**^**[PS]{.ul}**^**TT**613-sDNAs613-sDNA^**d**^**G**^**d**^**C**^**d**^**A**^**d**^**AT**^**d**^**G**^**d**^**G**^**d**^**A**^**d**^**GTT**^**d**^**A**^**d**^**AT**^**d**^**C**^**d**^**A**^**d**^**G**^**d**^**A**^**d**^**ATT**a613UUCUGAUUAACUCCAUUGC**TT**613-aDNAs613GCAAUGGAGUUAAUCAGAA**TT**a613-aDNA**TT**^**d**^**CT**^**d**^**G**^**d**^**ATT**^**d**^**A**^**d**^**A**^**d**^**CT**^**d**^**C**^**d**^**C**^**d**^**ATT**^**d**^**G**^**d**^**CTT**613-siDNAs613-sDNA^**d**^**G**^**d**^**C**^**d**^**A**^**d**^**AT**^**d**^**G**^**d**^**G**^**d**^**A**^**d**^**GTT**^**d**^**A**^**d**^**AT**^**d**^**C**^**d**^**A**^**d**^**G**^**d**^**A**^**d**^**ATT**a613-aDNA**TT**^**d**^**CT**^**d**^**G**^**d**^**ATT**^**d**^**A**^**d**^**A**^**d**^**CT**^**d**^**C**^**d**^**C**^**d**^**ATT**^**d**^**G**^**d**^**CTT**613's613'G[UG]{.ul}AUGGA[A]{.ul}UU[GG]{.ul}UCAG[G]{.ul}A**TT**a613'U[C]{.ul}CUGA[CC]{.ul}AA[U]{.ul}UCCAU[CA]{.ul}C**TT**471s471CCUGAAUGAUGCCACAUAU**TT**471--489a471AUAUGUGGCAUCAUUCAGG**TT**471-sF1s471-sF1**[fCfCfU]{.ul}**GAA**[fU]{.ul}**GA**[fU]{.ul}**G**[fCfC]{.ul}**A**[fC]{.ul}**A**[fU]{.ul}**A**[fU]{.ul}TT**a471AUAUGUGGCAUCAUUCAGG**TT**471-sF2s471-sF2C**[fCfU]{.ul}**GAA**[fU]{.ul}**GA**[fU]{.ul}**G**[fCfC]{.ul}**ACAUAU**TT**a471AUAUGUGGCAUCAUUCAGG**TT**471-sMe1s471-sMe1**[C]{.ul}**^**[M]{.ul}**^**[C]{.ul}**^**[M]{.ul}**^**[U]{.ul}**^**[M]{.ul}**^**[G]{.ul}**^**[M]{.ul}**^**[A]{.ul}**^**[M]{.ul}**^ AUGAUGCCACAUAU**TT**a471AUAUGUGGCAUCAUUCAGG**TT**448s448CAUAUCAUGAUUUGGCAUU**TT**448--466a448AAUGCCAAAUCAUGAUAUG**TT**412s412GCAAACAAUGGCGAAGAUG**TT**412--430a412CAUCUUCGCCAUUGUUUGC**TT**183s183ACUCAAACUCAGUGAUUAU**TT**183--201a183AUAAUCACUGAGUUUGAGU**TT**183-sF1s183-sF1A**[fCfUfC]{.ul}**AAA**[fCfUfC]{.ul}**AG**[fU]{.ul}**GA**[fUfU]{.ul}**A**[fU]{.ul}TT**a183AUAAUCACUGAGUUUGAGU**TT**183-sF2s183-sF2A**[fCfUfC]{.ul}**AAA**[fCfUfC]{.ul}**AG**[fU]{.ul}**GAUUAU**TT**a183AUAAUCACUGAGUUUGAGU**TT**Negative control K1sK1GGUUUACCGUGUUCUGUGA**TT**--aK1UCACAGAACACGGUAAACC**TTAntisense Oligonucleotides**682AAG**[C]{.ul}**^**[L]{.ul}**^AA**[C]{.ul}**^**[L]{.ul}**^CCU**[U]{.ul}**^**[L]{.ul}**^GU**[C]{.ul}**^**[L]{.ul}**^CU**[U]{.ul}**^**[L]{.ul}**^CG682--700613UU**[C]{.ul}**^**[L]{.ul}**^UGA**[U]{.ul}**^**[L]{.ul}**^UAA**[C]{.ul}**^**[L]{.ul}**^UC**[C]{.ul}**^**[L]{.ul}**^AU**[U]{.ul}**^**[L]{.ul}**^GC613--631[^1]

Positive and negative controls for the experiment were prepared. siRNA 1498 was used as a positive control and was derived from previously published results showing high inhibitory properties of siRNAs targeting analogous regions of other H1N1 strains: A/PR/8/34 and A/WSN/33 (siRNA NP-1496), A/Beijing/01/2009 (NP-1494).[@bib37]^,^[@bib38] The negative control K1 was created by scrambling the sequence of one of the designed siRNAs, resulting in a sequence that was not complementary to either the viral or cellular sequences. In the study we also tested siRNAs 448 and 1342, which targeted less accessible regions (low content of reactive nucleotides in (+)RNA5 according to structural analysis) ([Figure 1](#fig1){ref-type="fig"}). The target region for siRNA 448 exhibits also a high average base pair conservation of 83.4%, while for 1342 it is 73%. All siRNA oligonucleotides were 21 nt long and synthesized with 2-nt TT overhangs at the 3′ end. For selected mRNA5 targets, ASOs were designed. ASOs were fully 2′-*O*-methylated RNA with locked nucleic acid (LNA) at selected positions to increase target binding and reduce the degradation rate.

Additionally, sequences of siRNAs 613, 682, 1312, and 1342 were adjusted for targeting A/PR/8/34 (H1N1) strain and named 613′, 682′, 1312′, and 1342′ ([Table 1](#tbl1){ref-type="table"}). The sequence identity between A/California/04/2009 (H1N1) and A/PR/8/34 (H1N1) strains for segment 5 coding sequence is 86%, which also implies changes in the siRNA sequences. Importantly, these sequence differences do not exclude base pairing of a target region that could be the same as in A/California/04/2009 (H1N1).

Inhibitory Potential of Unmodified siRNAs Targeting the A/California/04/2009 (H1N1) Segment 5 mRNA {#sec2.2}
--------------------------------------------------------------------------------------------------

Of the nine designed siRNAs, six inhibited influenza virus replication ([Figure 2](#fig2){ref-type="fig"}A). A concentration of 8 nM was sufficient to cause substantial antiviral effects. The most potent were siRNAs 613 and 682, which reduced viral copy number by 84.5% and 85.6%, respectively, in comparison with K1. Two other siRNAs, 1090 and 471, exhibited medium activity and inhibited influenza virus replication by 50.3% and 56.4%, respectively. Some of the siRNAs moderately influenced influenza virus proliferation. The reduction rate reached 42.3% for siRNA 183 and only 21.7% for siRNA 1312. siRNAs 412 and 1008 did not exhibit any inhibitory effect on influenza virus. siRNAs 448 and 1342, targeting RNA regions assigned as less accessible, showed low levels of viral RNA copy number reduction, that is, 28.2% and 21.1%, respectively. Interestingly, treating cell cultures with siRNA 901 led to significant enhancement of viral proliferation. The results obtained for siRNAs 613 and 682 were further confirmed in an immunofluorescence assay (IFA) assay ([Figure 3](#fig3){ref-type="fig"}). In both cases, virus titer was reduced compared to the negative control by 90.6% and 89.2% for siRNAs 613 and 682, respectively.Figure 2Inhibitory Potential of siRNAs against A/California/04/2009 (H1N1) in MDCK Cells(A) Quantitative analysis of viral RNA by real-time PCR. RNA copy number of siRNA-treated samples at 8 nM concentration was compared to the RNA copy number of negative control K1 (established as 100%). (B) Graph of viral RNA copy numbers by real-time PCR for the most effective siRNAs tested at three concentrations. Cells treated with Lipofectamine 2000 without any siRNA are marked as LF; INF stands for untreated and infected cells. The error bars represent the standard deviations from three independent experiments. The unpaired two-tailed Student's t test was performed for statistical comparisons (\*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001).Figure 3Antiviral Activity of the Two Most Effective Unmodified siRNAs Analyzed by IFA(A) Results obtained for 8 nM siRNAs were compared to K1. LF is a Lipofectamine-treated control. The error bars represent the standard deviations from three independent experiments. The unpaired two-tailed Student's t test was performed for statistical comparisons (\*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001). (B) Exemplary fluorescence microscopy images of siRNA 613-treated cell culture and Lipofectamine control, infected with influenza virus in the IFA test. Green fluorescence is a FITC-conjugated secondary antibody targeting influenza NP protein; blue is nucleus DAPI staining. The signal from antibodies against the influenza NP protein is reduced in the sample treated with siRNA 613, demonstrating viral inhibition.

Next, we tested different concentrations of the most effective siRNAs---siRNAs 613 and 682---ranging from 100 to 2 nM. Increasing the concentration above 8 nM (50 and 100 nM) did not yield superior inhibitory effects, and the viral RNA copy number remained at comparable levels. Decreasing the concentration from 8 nM to 4 or 2 nM caused proportional increases in the viral RNA copy number, demonstrating that antiviral activity of siRNAs is dose-dependent ([Figure 2](#fig2){ref-type="fig"}B). The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay showed that the most potent siRNAs did not significantly affect cell viability, even at higher concentrations than routinely used in other published experiments ([Figure 4](#fig4){ref-type="fig"}).Figure 4MTT Assay for the Most Effective Variants of siRNA 613 Performed at Various ConcentrationsCells treated with Lipofectamine 2000 without any siRNAs are marked as LF; the remaining labels are names of siRNAs. Cell viability of siRNA and Lipofectamine-treated samples was compared to untreated control established as 100%. The error bars represent the standard deviations from three independent experiments.

The Effect of siRNAs 613′, 682′, 1312′, and 1342′ on Viral Proliferation Tested against A/PR/8/34 (H1N1) Strain {#sec2.3}
---------------------------------------------------------------------------------------------------------------

siRNAs 613′ and 682′ proved high inhibitory potential against A/PR/8/34 (H1N1) strain and reduced the viral RNA copy number by 85.3% and 78.0%, respectively ([Figure 5](#fig5){ref-type="fig"}). siRNAs 1312′ and 1342′ showed moderate antiviral activity, causing 19.3% and 17.3% inhibition of viral replication, respectively ([Figure 5](#fig5){ref-type="fig"}).Figure 5Inhibitory Potential of siRNAs 613′, 682, 1312′, and 1342′ against A/PR/8/34 (H1N1) in MDCK CellsQuantitative analysis of viral RNA copy number by real-time PCR was carried out for siRNA-treated samples (8 nM) and compared to negative control K1 (established as 100%). LF is a Lipofectamine-treated control. The error bars represent the standard deviations from three independent experiments. The unpaired two-tailed Student's t test was performed for statistical comparisons (\*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001).

Modified siRNAs Design {#sec2.4}
----------------------

Modifications were introduced into siRNAs 613, 471 and 183 according to previous reports,[@bib39], [@bib40], [@bib41], [@bib42] and the modified siRNAs showed increased potential (sequences of all proposed siRNAs are presented in [Table 1](#tbl1){ref-type="table"}). The modified siRNAs fall into three distinct categories of antiviral activity---substantial, medium, and moderate. Full sets of 2′-fluorocytidine (fC) and 2′-fluorouridine (fU) nucleotides were incorporated into siRNA 613 in the sense and antisense strand (s613-sF1 and a613-aF1). Additionally, two variants of sense strands were prepared: one carrying 3′ TT overhangs (s613-sF1) and one with two 2′-fluorouridines at the 3′ overhangs (s613-sF2). There were also three variants of antisense strands (a613-aF1, a613-aF2, and a613-aF3). For the antisense strand variants, two (a613-aF1 and a613-aF2) were analogous to the sense strand, and the third had deoxyribonucleotides at positions 9, 10, and 13, which base pair with nucleotides lining the target cleavage site (a613-aF3, ending with 3′ TT overhangs). siRNAs 471 and 183 harbored full sets of modified cytidines and uridines in the sense strand (s471-sF1 and s183-sF1). There were also less modified variants of the sense strand, in which the alterations were concentrated at the 5′ region of the strand for both duplexes (s471-sF2 and s183-sF2).

As a second type of modification, we introduced thiophosphate residues to the sense and antisense strands of siRNA 613 (s613-sense phosphorothioate \[sPS\] and a613-aPS). These residues were located in the internucleotide bond following every cytidine. A similar modification pattern was applied for 2′-fluororibonucleotides; however, uridines were left unaltered. In contrast to 2′-fluororibonucleotides, incorporation of thiophosphates destabilizes the base pair in the duplex; therefore, excessive destabilization by extensive modifications was avoided.

2′-*O*-methylated siRNAs were also subjected to cell culture experiments. Sense strands of siRNAs 613 and 471 contained five modified nucleotides at their 5′ end (s613-sMe2 and s471-sMe1). Both strands of siRNA 613 were also synthesized as DNA variants (s613-sDNA and a613-aDNA). DNA:RNA hybrid siRNAs as well as DNA:DNA duplexes (often called siDNAs) were previously reported to inhibit viral RNA in mammalian cell culture.[@bib43], [@bib44], [@bib45]

Antiviral Properties of Modified siRNAs Targeting Regions 183--201, 471--489, and 613--631 {#sec2.5}
------------------------------------------------------------------------------------------

Experiments with 613-asF1 showed that a fully modified duplex with 2′-fluoropyrimidines results in a significant loss of siRNA antiviral potential. Furthermore, 2′-fluoro modification of the antisense strand without modification of the sense strand resulted in significant increases in the viral RNA copy number of 42.7%, 23.2%, and 52.1% for each tested variant (613-aF1, 613-aF2, and 613-aF3, respectively) compared to the unmodified duplex ([Figure 6](#fig6){ref-type="fig"}A). The presence of 2′-fluororibonucleotides only in the sense strand maintained a high level of viral inhibition (88.3% and 88.4% for 613-sF1 and 613-sF2, respectively). The results indicate that 2′-fluororibonucleotide substitutions are well tolerated in the sense strand, while they disrupt the effective RNAi process when placed in the antisense strand.Figure 6Inhibitory Potential of Modified siRNAs at 8 nM Concentration against A/California/04/2009 (H1N1) in MDCK Cells(A and B) Quantitative analysis of viral RNA copy number performed by real-time PCR for (A) siRNAs containing 2′-fluororibonucleotides and (B) siRNAs modified with thiophosphates, 2′-*O*-methyl-siRNAs, and siDNA. Cells treated with Lipofectamine 2000 without any siRNA are marked as LF. The error bars represent the standard deviations from three independent experiments. The unpaired two-tailed Student's t test was performed for statistical comparisons (\*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001).

The situation was different in the case of siRNA 183 and 471 modifications. For 183-sF1, the viral RNA copy number increased by 22.4%, while 471-sF1 practically lost activity ([Figure 6](#fig6){ref-type="fig"}A). This result could be due to the number and distribution of modifications per sequence of oligonucleotide. 471-sF2 regained antiviral activity in the infected cell culture model comparable to that of the unmodified siRNA; however, no significant increase of inhibitory potential was observed. In the case of 183-sF2, the antiviral activity was higher than that of 183-sF1 but still lower than that of unmodified siRNA 183. Some differences may arise from modifications to the embedded cleavage site at 183-sF2 nucleotides 9 and 10. In 471-sF2, only one of the embedding nucleotides was modified.

In contrast, thiophosphates were well tolerated in both strands of siRNA. Introduction of this modification into one or both siRNA strands simultaneously had very similar inhibitory effects on influenza virus ([Figure 6](#fig6){ref-type="fig"}B). The analyses showed 77.9%, 80.2%, and 77.2% reductions of viral RNA copies in samples treated with duplexes in which modifications were distributed throughout the strands (613-aPS, 613-sPS, and 613-asPS, respectively). This result placed thiophosphate-modified siRNAs among the most active of the tested duplexes. However, when the 3′ TT overhangs were modified, the antiviral activity was diminished (613-aTT-PS and 613-sTT-PS). An inhibition of 58.3% was observed for siRNA with modified antisense strands and 67.6% for the modified sense strand. The negative influence of alteration was more prominent for the guide strand.

2′-*O*-methyl groups were introduced into the sense strand of siRNAs 613 and 471 at the 5′ ends (s613-sMe2 and s471-sMe1). Duplexes formed by nucleotides carrying 2′-*O*-methyl presented increased stability in previous studies.[@bib39]^,^[@bib42]^,^[@bib46], [@bib47], [@bib48] Both modified siRNAs (471-sMe1 and 613-sMe2) reduced the inhibitory potential compared to unaltered variants, resulting in 30.9% and 60% reductions of viral RNA copies, respectively ([Figure 6](#fig6){ref-type="fig"}B).

Region 613--631 as a Target for DNA Interference {#sec2.6}
------------------------------------------------

Both strands of siRNA targeting region 613 were converted into DNA sequences (s613-sDNA and a613-aDNA, [Table 1](#tbl1){ref-type="table"}). We tested 613-siDNA in cell culture and observed no reduction of RNA copy number (107.6% viral RNA copies) ([Figure 6](#fig6){ref-type="fig"}B). When the sense strand was made of RNA and the antisense strand DNA (613-aDNA), the results were very similar to the results evaluating the siDNA duplex (120.5% viral RNA copies). In contrast, when the inhibitory molecule consisted of a DNA sense strand and RNA antisense strand (613-sDNA), a substantial 68.1% viral inhibition was observed.

Inhibitory Activity of Antisense Oligonucleotides Targeting Regions 613--631 and 682--700 {#sec2.7}
-----------------------------------------------------------------------------------------

We also tested the 19-nt-long ASOs 613 and 682 ([Table 1](#tbl1){ref-type="table"}). Their sequences were equivalent to the siRNA 613 and 682 antisense strands with no 3′ TT overhangs. At the 8 nM concentration, which was the same concentration used for siRNA, neither ASO showed any antiviral activity. At a concentration of 750 nM, which has been used in previous experiments with ASOs targeting segment 5 (+)RNA, the viral RNA copy number was decreased by 26.9% and 26.8% for ASOs 613 and 682, respectively ([Figure 7](#fig7){ref-type="fig"}).Figure 7Antiviral Activity of ASOs against A/California/04/2009 (H1N1) in MDCK CellsQuantitative real-time PCR analysis of RNA copy number in ASO-treated samples at two concentrations was compared to the viral RNA copy number of Lipofectamine-treated cells established as 100%. The error bars represent the standard deviations from three independent experiments.

Serum Stability Assessment {#sec2.8}
--------------------------

Analyses indicate that the proposed modifications of the antisense strand of siRNA 613 and sense strand with 2′-fluororibonucleotides improve its serum stability ([Figure 8](#fig8){ref-type="fig"}A). After 2 h of incubation of siRNA 613 containing a modified antisense strand (613-aF1), almost the entire RNA pool remains intact. At the same time point, 60% of unmodified siRNA 613 is degraded. When the sense strand is modified (613-sF1), the siRNA stability is less pronounced. After 2 h of serum incubation, it exhibits approximately 80% integrity. siRNA with a thiophosphate-modified sense strand (613-sPS) did not exhibit improvements in serum stability, presenting stability comparable to that of the unmodified variant. The 2′-fluoro-modified sense strands of siRNAs 471-sF2 and 183-sF2 did not show enhanced stability. When comparing the stability of unmodified siRNAs, 471 and 183 are completely degraded during 2 h of serum incubation, while 40% of 613 remains intact.Figure 8Stability of Selected siRNA Variants(A and B) Integrity of siRNA was analyzed in serum (A) and cell lysates (B) at three time points and compared to the sample collected right after dissolving in the FBS solution or cell lysate (established as 100%), respectively.

Stability in Cell Lysates {#sec2.9}
-------------------------

Results indicate that the modifications (2′-fluororibonucleotides or internucleotide thiophosphates) introduced into siRNAs 613 (613-sF1, 613-aF1, 613-sPS, and 613-aPS) and 183 (183-sF2) improve stability of the duplexes in the cell lysates ([Figure 8](#fig8){ref-type="fig"}B). After 2 h of incubation more than 50% of the RNA pool remains intact. The most stable (almost 100% of intact siRNA) is 613-aPS. The unmodified siRNA 471 presents low stability in the cell lysate in comparison to siRNAs 613 and 183. 2′-Fluorosubstitutions in the sense strand of 471-sF2 do not improve this feature.

Thermodynamic Stability of siRNA and Modified siRNA {#sec2.10}
---------------------------------------------------

Thermodynamic parameters of unmodified siRNAs 613, 471, and 183 along with selected modified siRNA variants were measured ([Table S4](#mmc1){ref-type="supplementary-material"}). Representative modified siRNAs were chosen to establish the influence of certain types of used modifications on siRNA stability. As expected, incorporation of 2′-fluoro modification in siRNA 613 slightly or moderately increases thermodynamic stability of duplex (ΔΔG°~37~ = −4.52 kcal/mol for 613-sF, −1.57 kcal/mol for 613-aF1, and −4.48 kcal/mol for 613-asF1). PS modifications of siRNA 613 slightly increase thermodynamic stability of RNA duplex, with the stabilization effect ranging from −0.49 to −1.29 kcal/mol (ΔΔG°~37~) for 613-aPS and 613-sPS, respectively, together with an insignificant change in the melting temperature. The effect of 2′-fluororibonucleotide incorporation in siRNAs 183 and 471 in slightly stabilizing or destabilizing duplex depends on modification positions. It is known from systematic studies that 2′-*O*-methylation stabilizes RNA/RNA duplexes, and 2′-*O*-methyl (2′-OMe)-RNA/RNA has increased thermodynamic stability versus RNA/RNA.[@bib49] Surprisingly, 471-sMe1 and 613-sMe2 showed much lower thermodynamic stability than did parent unmodified siRNAs (ΔΔG°~37~ = 12.22 and 10.37 kcal/mol for 471-sMe1 and 613-sMe2, respectively). This observation could be connected with partial and unsymmetrical stabilization of one siRNA side of duplex, although analysis of the measurement data showed two-state melting.

Discussion {#sec3}
==========

Conserved RNA Secondary Structure Motifs Are Good Targets for RNAi {#sec3.1}
------------------------------------------------------------------

For the first time, we modeled the secondary structure of (+)RNA5 of A/California/04/2009 (H1N1) by using available experimental and bioinformatics data, as well as selected targets for siRNAs and ASOs ([Figure 1](#fig1){ref-type="fig"}). Such *in vitro* RNA structure determinations appear to be valuable for consideration of accessible targets within conserved-for-type A structural motifs that could exist at a certain stage of the viral cycle. The knowledge on influenza RNA secondary structures *in vivo* is very limited and hard to interpret. The first report concerning influenza mRNA structure, obtained from dimethyl sulfate (DMS) mapping of preinfected, snap-frozen cell culture pellets, was recently published.[@bib21] It confirmed the presence of several stable local structural motifs in mRNA5 of A/Puerto Rico/8/1934 (H1N1) strain. However, it also revealed many regions with high A and C reactivity to DMS, predicted as unfolded. Direct information on potential and important structure changes at different stages of infection and the viral replication cycle is still missing. Especially for other viral RNAs, the structure of *in vivo* dynamics was already recognized.[@bib50] Therefore, the presented approach deals with this gap and leads to the design of inhibitory siRNAs. The approach takes advantage of the fact that despite frequently occurring changes in viral RNA sequences, the functional secondary structures are still preserved. Bioinformatics sequence-structure analysis supported by experimental *in vitro* data could be a powerful method for identification of siRNA targets.

Among the tested siRNAs, the most potent are siRNAs 613 and 682 ([Figure 2](#fig2){ref-type="fig"}). siRNA 613 partially overlaps the binding site in hairpin loops of previously tested ASOs 615A and 640A, which effectively inhibit virus proliferation (70% and 64% reduction, respectively, of viral RNA copy number in real-time PCR analysis).[@bib14] These neighboring regions as targets for two different RNA-directed strategies support the idea that certain stable and conserved motifs are functionally significant. Additionally, results concerning siRNAs 448 and 1342 targeting less accessible RNA regions ([Figure 1](#fig1){ref-type="fig"}), and serving as negative controls, show minimal reduction of viral replication. These findings suggest that analysis of target RNA structure may be applied as an indicator of good targets as well as regions less potent or not suitable for efficient inhibition.

Region 591--612 nt adjoining the siRNA 613 target site was targeted by effective siRNAs published by other research groups (NP571 and NP574).[@bib38] At 40 nM, NP571 and NP574 caused an approximately 80% reduction in NP mRNA and approximately 70% protein reduction for strain A/Beijing/01/2009 (H1N1). Region 649--667 nt, which is separated from the siRNA 613 target site by 17 nt, was targeted previously by NP604 (siRNA generated in cells from the plasmid construct), causing inhibition of strain A/duck/Fujian/13/2002 (H5N1) proliferation.[@bib51] Although the experiments were conducted on different strains and the inhibitory effects were monitored by different methods, it is clear that the targeted structural domain is functionally important and prone to siRNA-mediated inhibition of influenza replication.

The second siRNA, 682, targeted a partially single-stranded region localized on the opposite site of a long internal loop that is a binding site for inhibitory ASO 727A (target region: 722--732 nt) that was previously tested.[@bib14] This result indicates that the structural motif 671--743 may fulfill an especially important role in the viral life cycle, and this motif is disrupted by RNA-targeting strategies. Interestingly, siRNAs 471, 1312, and 183 have overlapping binding sites with previously tested ASOs 470A, 1320A, and 200A (target regions: 466--478, 1308--1328, and 194--206 nt, respectively) and showed medium to moderate activity in proliferation inhibition, while the ASOs were not able to inhibit virus ([Figure 2](#fig2){ref-type="fig"}A).[@bib14] siRNAs 412 and 901 had partially overlapping target sites with ASOs 415A and 920A (target regions: 410--426 and 917--929 nt, respectively) and did not exhibit antiviral properties ([Figure 2](#fig2){ref-type="fig"}A), which was consistent with the results obtained for ASOs.[@bib14] The ASOs and siRNAs were used at different concentrations of 8 and 750 nM, respectively.

The two strategies presented using siRNA and ASO proceed through different pathways. The role of RNA structure in the RNAi process is still not fully understood. The fact that the target sites for effective ASOs are also favorable for siRNA activity indicates that the structure-based design of molecules is a reasonable way to improve effective siRNA design. The presented approach also provides some new insights into the biology of the influenza virus. We assume that target regions of the best siRNAs are especially important for the viral life cycle and may carry a functional role.

The RNA regions targeted by the most potent siRNAs, 613 and 682, against A/California/04/2009 (H1N1) are also powerful targets in A/PR/8/34 (H1N1) (siRNAs 613′ and 682′) in this study. Similar inhibition rates using both siRNAs were observed in the cell culture for both strains ([Figures 2](#fig2){ref-type="fig"}A and [5](#fig5){ref-type="fig"}). Analogous results were obtained for siRNAs with low potential to reduce influenza virus titer (1312 and 1312′, 1342 and 1342′). These results may indicate that, despite the sequence differences between strains, the structure and function of the RNA domains are preserved. siRNAs 1312 and 1342 as well as 1312′ and 1342′ targeted less accessible regions in *in vitro* (+)RNA5 secondary structure and, as expected, all insignificantly lowered virus replication. Interestingly, the observed inhibition for 1312′ did not correlate with an accessible hairpin loop in the motif proposed for these regions from *in cellulo* studies of A/PR/8/34 (H1N1).[@bib21] The sequence identity in the coding region of segment 5 for A/California/04/2009 (H1N1) and A/PR/8/34 (H1N1) (86%) is advantageous for investigating structure conservation. The structure and function conservation between strains may give a foundation to siRNA design directed at predefined, important RNA motifs, but also taking into account sequence changes.

The highest inhibitory effects of siRNAs 613 and 682 were achieved with a low concentration of 8 nM. It was shown previously that Eri-1 intracellular exonuclease, which is a negative regulator of RNAi, was upregulated in response to high doses of siRNA.[@bib40] It is more appropriate to use lower doses of siRNAs in some cases. The siRNAs show high antiviral activity at relatively low concentrations, which prevents excessive activation of siRNA negative regulators. Reducing the effective concentration is also a favorable feature when siRNA is considered as a potential therapeutic strategy, since it is associated with minimization of both toxicity and costs.

In previous publications concerning anti-influenza siRNA evaluation in animal models, a few approaches of nucleic acid delivery were applied. Influenza virus infections include the upper respiratory tract, and inhalation is one of the possible routes to directly deliver inhibitory molecules to the area of infection.[@bib52], [@bib53], [@bib54] The second route is intravenous injection, which was also successfully tested.[@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58] The siRNAs may be used as short duplexes or as shRNA vectors. In both cases, naked nucleic acids, liposomal formulations, or polymer carriers were administered. Additionally, polyethyleneimine (PEI) was reported to promote lung tissue localization after intravenous injection.[@bib54] The abovementioned methods could be also considered for further *in vivo* studies in animal models for siRNAs presented herein. Simultaneously, research on new carriers, e.g., nanoparticles and tissue-targeting moieties, is underway, which may improve nucleic acid delivery and membrane penetration in the future.[@bib59]

Chemical Modifications Influence siRNA Activity against Influenza Virus {#sec3.2}
-----------------------------------------------------------------------

Chemical modifications are widely applied in antisense strategies to increase the stability of oligonucleotides, provide resistance to nucleases, improve target binding, reduce off-target effects, and prolong activity.[@bib60] Modifications of siRNA may influence different stages of RNA-induced silencing complex (RISC) actions, such as recognition, loading, and helicase activity, due to H-bond, and electronic and steric effects.[@bib40]^,^[@bib61] The main aim is to find modifications that facilitate desired specific effects, increase the plasma stability, and maintain low cytotoxicity of the siRNA.

2′-Fluororibonucleotides Are Well Tolerated in the siRNA 613 Sense Strand {#sec3.3}
-------------------------------------------------------------------------

Some of the previous publications indicated that 2′-fluororibonucleotide modifications in the antisense strand are more tolerated at the 3′ end and retain the ability of siRNA to silence genes.[@bib39] Excessive modification of the 5′ end in the antisense strands proposed by us may have contributed to the reduced activity of 613-aF1, 613-aF2, 613-aF3, and 613-asF1 ([Figure 6](#fig6){ref-type="fig"}A).

Sequence-dependent composition of siRNA (every C and U modified in the strand) determined the number of changes in the strands. siRNA activity was unaffected when the level of modification in the sense strand was moderate (613-sF1 and 613-sF2; [Figure 6](#fig6){ref-type="fig"}A). RNAi activity was reduced when the sense strand was heavily modified (471-sF1 and 183-sF2; [Figure 6](#fig6){ref-type="fig"}A). Limiting the level of modification in this case improved inhibition (471-sF2 and 183-sF2; [Figure 6](#fig6){ref-type="fig"}A).

Excessive modification with stabilizing groups (2,6-diaminopurine, 2′-fluoro, 5-bromouridine, and 5-ioidouridine) was shown to be disadvantageous for RNAi in previous studies.[@bib39] The factor responsible for the limited potential of excessively modified siRNA may be impaired recognition by the RISC complex due to introduction of modified nucleotides. It was previously shown that the RISC RNA-binding domain binds different sequences and nucleotides with variable affinity.[@bib62]^,^[@bib63] These studies did not include modified nucleotides, and the exact mechanisms governing the RNA-protein interaction are still unknown. The disruption of antisense strand interaction with RISC (by excessive modification) might cause reduced activity of siRNA 613-aF1, 613-aF2, 613-aF3, and 613-asF1 ([Figure 6](#fig6){ref-type="fig"}A). The antisense strands of these siRNAs contained more nucleotide substitutions (12--15) than did highly active siRNAs 613-sF1 (6) and 613-sF2 (8) with 2′-fluoro-modified sense strands.

It is still unclear how certain modifications affect cleavage event that occur during RNAi. According to previous reports, the presence of 2′-OH is not required for RNAi for nucleotides of the antisense strand pairing with mRNA cleavage site.[@bib39] We also have limited knowledge of how modifications influence passenger strand fate after separation of the siRNA strands. Lack of cleavage in the sense strand between nucleotide 9 and 10 was previously reported to impair RNAi.[@bib40] We designed siRNAs in which the distribution of 2′-fluorocytidine and 2′-fluorouridine was even, with no cleavage site exception. The most effective modified siRNAs in our studies---613-sF1 and 613-sF2---contained one modification at the cleavage site. This observation may indicate that the lack of 2′-OH in this position does not disturb siRNA activity.

siRNAs modified with 2′-fluorocytidine and 2′-fluorouridine were previously shown to successfully silence targeted genes.[@bib39]^,^[@bib40] These observations were generally consistent with our results. It was also previously reported that modification of sense strands could be favorable for siRNA activity, as it protects the guide strand to retain its integrity at stages preceding RISC activation.[@bib40] The reports about increased thermal stability of 2′-fluoro-modified duplexes are consistent with our UV melting results obtained for siRNAs 613-aF1, 613-sF1, and 613-asF1 ([Table S4](#mmc1){ref-type="supplementary-material"}). 2′-Fluororibonucleotide modifications were described to protect siRNAs against intracellular RNases (especially Eri-1 exonuclease that negatively regulates RNAi) and enable extended activity within the cells. Finding suitable siRNA modification patterns even for a single duplex may lead to improvements that will be beneficial for future applications.

Moderate Level of PSs in siRNA Does Not Disturb RNAi {#sec3.4}
----------------------------------------------------

In our studies, PSs were well tolerated in both the sense and antisense strands of siRNA 613 when distributed throughout the RNA strands. siRNAs maintained high antiviral activity despite different localization and numbers of modifications in both strands (613-sPS, 613-aPS, and 613-asPS, [Figure 6](#fig6){ref-type="fig"}B).

It was previously reported that incorporation of this modification has less influence on siRNA activity when introduced only to the sense strand.[@bib39] However, duplexes containing fully modified sense strands were significantly less effective than unmodified duplexes in previous studies.[@bib41] Our data show that there is no remarkable difference in the inhibitory effect between samples treated with siRNA containing PS linkages and the unmodified variant at low concentrations used for cell culture experiments (8 nM). Additionally, the reduced inhibitory effect caused by the incorporation of PS linkages at the 3′ ends for both siRNA strands (613-aTT-PS and 613-sTT-PS) is contrary to previous findings, in which no significant loss of silencing efficacy was noted.[@bib42] Our results support a crucial role of the siRNA 3′ end in RISC binding, which may be disturbed by modifications.[@bib62]

From the future application point of view, PS modification carries some favorable features. Similar to 2′-fluororibonucleotides, PS modifications increase the half-life of siRNAs exposed to cytoplasmic extracts or serum. PS linkages in oligonucleotides administered *in vivo* increase binding to serum proteins, the level of clearance from the organism is lower and tissue bioavailability is improved.[@bib41]^,^[@bib47]^,^[@bib64]

Adverse Effects of 2′-*O*-Methylation on siRNA activity {#sec3.5}
-------------------------------------------------------

2′-OMe modification of RNA is known to increase its chemical stability and prevent degradation by enzymes, increase affinity for RNA targets, and increase thermodynamic stability of the duplex with RNA.[@bib42]^,^[@bib49]^,^[@bib61]^,^[@bib64] It was also postulated that siRNA sense strand modifications may eliminate off-target effects due to preferential antisense strand selection by the RISC complex.[@bib65] Unfortunately, in this study, incorporation of five 2′-OMe nucleotides at the 5′ end of the siRNA sense strand led to a substantial decrease in silencing efficacy (471-sMe1 and 613-sMe2, [Figure 6](#fig6){ref-type="fig"}B).

Some of the previously designed 2′-OMe-modified siRNAs showed increased serum stability and retained knockdown efficiency.[@bib42]^,^[@bib48]^,^[@bib61] However, diminished or completely abolished RNAi was also observed in those experiments.[@bib39]^,^[@bib42] In these publications, the authors investigated many siRNA variants, and the results did not point to any unambiguous modification pattern. The loss of activity was blamed on the bulky size of the methyl group. This feature may negatively influence interactions between siRNAs, target mRNAs, and the RISC complex. Such effects could influence the activity of 2′-*O*-methylated siRNAs tested in this study and cause diminished antiviral potency. In particular, the uneven distribution and accumulation of the modified residues at the 5′ end may have led to the failure of the approach. Moreover, previous studies revealed that the disruption of gene silencing by modifications depends on the size of the modifying groups: the larger is the group, the stronger is the activity reduction.[@bib65] This finding corresponds with our other results, in which 2′-fluoro groups, causing the most subtle steric hindrance, allow silencing at comparable levels to those of unmodified siRNA. Conversely, a large size of the methyl group significantly disturbs the silencing process.

Application of siDNA Was Not Effective When Targeting mRNA5 Region 613--631, whereas Hybrid 613-sDNA Inhibited Viral Replication {#sec3.6}
--------------------------------------------------------------------------------------------------------------------------------

It was previously shown that siRNA tolerated some level of DNA substitution.[@bib39] In some studies, pure RNA-DNA hybrids were unable to induce RNAi probably due to their structure, which is an intermediate between an α and β helix.[@bib66] These observations are not fully consistent with other reports showing that the DNA interference phenomenon may occur within cultured human cells.[@bib43], [@bib44], [@bib45] Although DNA interference was first described in plants, it is currently known that siDNAs are able to inhibit viral RNA in mammalian cell culture.[@bib43] These findings are supported by crystallographic studies of Ago PAZ domains demonstrating their ability to bind DNA.[@bib67] In our studies, siDNA was not able to inhibit influenza virus RNA in MDCK cells (613-siDNA, [Figure 6](#fig6){ref-type="fig"}B). Conversely, the RNA-DNA hybrid 613-sDNA showed significant levels of antiviral activity ([Figure 6](#fig6){ref-type="fig"}B). It was necessary to leave the RNA antisense strand unaltered to obtain inhibition.

Published studies concerning posttranscriptional gene silencing indicate possible pathways for this process.[@bib39]^,^[@bib68]^,^[@bib69] The cellular machinery used for the abovementioned silencing is mostly the same as for siRNA-mediated RNAi. In the process guided by microRNA (miRNA), there is no degradation step and an α helix is not required for activity. It seems that only RNA degradation is helix-dependent. This should be considered when analyzing results obtained for our RNA-DNA hybrids, in which the sense strand was DNA and the duplex retained some degree of inhibition. A possible explanation is that the hybrid was recognized by the RISC complex and the antisense RNA strand could act as a conventional siRNA. In the view of contradictory published data, the exact pathway is still unclear.

siRNAs Are Shown to Have Superior Antiviral Potential Compared to ASOs When Targeting the Same mRNA5 Regions: 613--631 and 682--700 {#sec3.7}
-----------------------------------------------------------------------------------------------------------------------------------

ASOs with sequences equivalent to the guide strand of the most potent siRNAs in this study did not exhibit significant antiviral potential ([Figure 7](#fig7){ref-type="fig"}). The concentration needed to obtain any inhibitory effect was much higher than that for the siRNAs: 750 nM for ASOs 613 and 682 and less than 8 nM for siRNAs 613 and 682 ([Figure 2](#fig2){ref-type="fig"}A). Even at high concentrations, the inhibition was low (27%) in comparison to siRNAs (85%). The target region of ASO 613 partially overlaps with the target region for previously tested ASOs that presented high antiviral potency. The shifts result in the activity loss. This may be due to the structural context of the target. ASOs 615A and 640A were designed to target mostly single-stranded regions. The ASO 613- and 682-target regions are partially double stranded. Accessibility of regions involved in secondary structure may limit the interactions needed for inhibition. Our experimental data indicate that regions selected as good targets for RNAi may not be susceptible and accessible for the conventional antisense strategy. The fundamental factor determining this process may be the different molecular processes induced by these two types of approaches. RNAi seems to be more flexible in terms of target structure selection in comparison to ASOs, but other rules regarding target sequence apply.

Increased Stability of siRNAs Cannot Be Assured by All Modifications {#sec3.8}
--------------------------------------------------------------------

The majority of unmodified siRNAs are degraded within 20 min, and nearly complete degradation is observed by 3 h in 10% serum.[@bib70] Note that during transfection, siRNAs are protected by the lipid shell of the carrier, and a direct exposure to serum does not occur at this stage of cell culture experiments. Then, after penetrating the cell membrane, siRNAs are exposed to intracellular RNases. In serum stability tests, we observed that 2′-fluororibonucleotides and thiophosphates introduced into siRNA strands may improve their properties (613-sF1, 613-aF1, and 613-aPS; [Figure 8](#fig8){ref-type="fig"}A). Some of the tested siRNAs were more stable in the cell lysates than in the serum (183 and 183-sF2) ([Figure 8](#fig8){ref-type="fig"}B). These differences may arise from varied composition of extracellular and intracellular fluids. Nevertheless, modification may have an important impact on siRNA stability. For siRNA 613, a few variants of a modified sequence were tested. In both experiments (stability in serum and cell lysates) the level of stability was dependent on the number of modified nucleotides in the siRNA 613 strand.

It was previously postulated that there is a direct link between duration of the RNAi effect and siRNA stability in human cells.[@bib39] Serum stability is also an important factor when considering future applications of siRNA, especially intravenous administration. The level of modification should be considered. Interestingly, the most stable unmodified and modified duplex is the most active in terms of inhibitory properties (siRNA 613).

Conclusions {#sec3.9}
-----------

Applying knowledge of RNA secondary structures as additional criteria in designing siRNAs appears to be a promising approach. siRNAs selected this way were effective against influenza virus molecules at low concentrations. Additionally, our research identified regions that were both accessible for RNAi machinery targets in the mRNA5 and significantly reduced viral replication of influenza virus type A. Notably, the best RNA target regions for the oligonucleotide-based strategies could be different for siRNAs and ASOs. Finding favorable modification patterns for siRNAs is challenging. We observed that one type of modification may have adverse effects on the activity of different siRNAs depending on the position of the modification in the siRNA and RNA targets. Additionally, the results obtained for one type of modification cannot serve as a simple template to predict siRNA activity with other kinds of modifications. Determining a good target for unmodified siRNA in mRNA5 and applying different types of modifications in systematic studies allowed us to develop siRNAs with improved inhibitory effects against influenza virus type A.

Materials and Methods {#sec4}
=====================

Cell Culture and Virus Titration {#sec4.1}
--------------------------------

MDCK cells (Sigma) were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Gibco), 2 mM glutamine, and penicillin (100 U/mL) and streptomycin (100 μg/mL) (penicillin-streptomycin-glutamine \[100×\]; Gibco) in 5% CO~2~ at 37°C. Experiments were carried out on the A/California/04/2009 (H1N1) (a gift from Prof. Luis Martinez-Sobrido, University of Rochester) and A/PR/8/34 (H1N1) influenza strains propagated in MDCK cells. The virus titer was determined by a standard plaque assay.[@bib14]

Synthesis and Deprotection of the Oligonucleotides {#sec4.2}
--------------------------------------------------

Primers for PCR, real-time PCR, and reverse transcription, as well as ASOs and siRNAs ([Table 1](#tbl1){ref-type="table"}; [Table S1](#mmc1){ref-type="supplementary-material"}), were synthesized by the phosphoramidite approach on a MerMade 12 (BioAutomation) RNA/DNA synthesizer. Natural and modified phosphoramidites as well as supports were purchased from ChemGenes and GenePharma. Oligonucleotides were deprotected and purified according to published protocols.[@bib71], [@bib72], [@bib73] Real-time PCR probes were synthesized with 5-carboxyfluorescein (5-FAM) at the 5′ end and an amino-linker at the 3′ end. After deprotection and desalting, the probes were labeled at the 5′ end with 6-carboxytetramethylrhodamine (6-TAMRA) (AnaSpec) and purified as described before.[@bib14]

siRNA and Oligonucleotide Transfection {#sec4.3}
--------------------------------------

Transfection of siRNAs and ASOs into the cells was carried out using Lipofectamine 2000 (Invitrogen). Lipofectamine 2000 was diluted 36.5-fold in Opti-MEM (Invitrogen) and incubated for 10 min at room temperature (RT). Next, siRNA or ASO was diluted with Opti-MEM, and 33.5 μL of the solution was mixed gently with 100.5 μL of Lipofectamine-Opti-MEM solution and incubated for 30 min at RT. In general, the final concentration of siRNA during transfection was 8 nM. For dose-dependency studies, we also tested 100, 50, 16, 4, and 2 nM concentrations of siRNAs. ASOs were transfected at 8 and 750 nM. Just before the transfection, MDCK cells were trypsinized and resuspended in fresh culture medium. Transfection solution was added to the MDCK cell suspension containing 1.2 × 10^5^ cells per well at a final volume of 670 μL, which was seeded in 24-well plates. After 12 h of incubation, the transfection medium was replaced with standard culture media.

Influenza Virus Infection {#sec4.4}
-------------------------

Eighteen hours after transfection, the cell cultures were washed with PBS and infected with influenza virus A/California/04/2009 (H1N1) or A/PR/8/34 (H1N1) at an MOI of 0.01. The cells were incubated with a solution containing virus diluted with infection medium (0.3% BSA \[Sigma\] and 100 U/mL penicillin/100 μg/mL streptomycin \[penicillin-streptomycin; Sigma\] in PBS) for 1 h at RT on a gently rocking platform. The supernatant was then removed, and the cells were maintained in postinfection medium (0.3% BSA, 100 U/mL penicillin, 100 μg/mL streptomycin, 2 mM glutamine, 1 μg/mL N-tosyl-L-phenylalanine chloromethyl ketone \[TPCK\]-treated trypsin \[Sigma\] in DMEM**)** at 33°C for 24 h.

Virus Quantitative Real-Time PCR Analysis {#sec4.5}
-----------------------------------------

Total RNA from the cell monolayer was extracted using TRIzol reagent.[@bib74] Five hundred nanograms of each isolated sample was treated with RNase-free DNase I (0.1 U/μL; Invitrogen) in 1× DNase I buffer in a 10-μL reaction at 37°C for 30 min. Enzyme inactivation was performed by adding 1 μL of 25 mM EDTA to reach a final concentration of 2.3 mM and heating at 75°C for 10 min. Agarose gel electrophoresis was conducted to check the quality of isolated RNA. Reverse transcription was performed with gene-specific primers complementary to the vRNA7 sequence[@bib75]^,^[@bib76] ([Table S1](#mmc1){ref-type="supplementary-material"}) and SuperScript III reverse transcriptase (Invitrogen). One microliter of sample from the DNase I treatment was mixed with 1× first-strand buffer, 0.4 μM gene-specific primers, and H~2~O to bring the volume to 5 μL. The mixture was incubated for 3 min at 90°C, 10 min at 55°C, and then placed on ice. Then, 10 mM DTT, 2.5 mM 2′-deoxynucleoside 5′-triphosphates (dNTPs), 1× first-strand buffer, 10 U of RNasin inhibitor (Promega), and 50 U of SuperScript III reverse transcriptase were added to the final volume of 10 μL and incubated for 50 min at 55°C. The reaction was inactivated by heating at 70°C for 15 min. One microliter of the obtained cDNA was subjected to real-time PCR with gene-specific primers ([Table S1](#mmc1){ref-type="supplementary-material"}) and 5× HOT FIREPol Probe qPCR Mix Plus (Solis BioDyne) according to the manufacturer's protocol. Real-time PCR absolute quantification of viral RNA allowed for the determination and comparison of viral RNA copies in distinct samples. The viral RNA copy number for each siRNA-treated sample was calculated as a percentage of viral copy number detected in the negative control, which was established as 100% of the viral RNA copies. The assays and analyses were performed simultaneously, and the data have been divided into several figures for better comparison and interpretation.

Indirect IFA {#sec4.6}
------------

Supernatants collected from infected cell culture were used to prepare 10-fold serial dilutions of the virus with infection medium. Cell culture monolayers in 96-well plates were infected with serial dilutions of viral supernatants for 1 h at RT on a gently rocking platform. Then, supernatants were discarded and cells were maintained in postinfection medium for 8--10 h at 33°C and 5% CO~2~. The supernatants were again removed, and the cells were fixed and permeabilized with 4% formaldehyde and 0.5% Triton X-100 solution (BioShop) in PBS for 20 min at RT. Blocking was performed using 3% BSA solution in PBS for 1 h at RT. Next, the solution was replaced with the mouse anti-influenza primary antibody targeting NP (MAB8257, Merck) diluted with 3% BSA solution in PBS (1 μg/mL) and incubated for 1--2 h at 37°C. The detection was carried out with fluorescein isothiocyanate (FITC)-conjugated secondary rabbit anti-mouse immunoglobulin G (IgG) antibody (AP160F, Merck) diluted with 3% BSA solution in PBS (1:150) for 30--60 min at 37°C. Visualization under a fluorescence microscope was followed by calculation of fluorescent-forming units (FFU/mL).

MTT assay {#sec4.7}
---------

MDCK cells were seeded, grown, and treated with siRNA or oligonucleotide in experiments parallel to those investigating the antiviral potential of these molecules. After a 12-h incubation in solution containing siRNAs or oligonucleotides, cultured cells were subjected to the CellTiter 96 non-radioactive cell proliferation assay (MTT) (Promega) according to the manufacturer's protocol. Measurements at a reference wavelength of 650 nm were subtracted from the recorded absorbance at 570 nm. The normalized absorbance of cells treated with selected molecules and untreated cells was compared.

Serum Stability {#sec4.8}
---------------

We performed serum stability tests on modified and unmodified siRNAs. All analyzed siRNAs were dissolved in 10% FBS solution. A ^32^P-labeled sense strand was added to each solution. Samples were incubated for up to 2 h at 37°C, and aliquots were collected and precipitated. Then, samples were resolved (10 μL of H~2~O, 10 μL of 7 M urea in 1× TBE \[Tris-borate-EDTA\] buffer, 0.03% bromophenol blue \[BB\]) and loaded on a 20% denaturing polyacrylamide gel. The gel images were obtained with a phosphorimager (Fuji FLA-5100). Bands corresponding to full-length siRNA were quantitated and compared to the sample collected and precipitated immediately after dissolving the siRNA in the FBS solution.

Stability in Lysates {#sec4.9}
--------------------

Cell lysates were prepared with a PARIS kit (Invitrogen), according to the manufacturer's instructions. siRNAs were dissolved in the cell lysates, and a ^32^P-labeled sense strand was added to each solution. Samples were incubated for up to 2 h at 37°C and treated as described for the serum stability experiment.

UV Melting Experiments {#sec4.10}
----------------------

The siRNA duplexes were melted in buffer containing 100 mM NaCl, 20 mM sodium cacodylate, and 0.5 mM Na~2~EDTA (pH 7). Oligonucleotide single-strand concentrations were calculated from the absorbance measured at a temperature above 80°C, and single-strand extinction coefficients were approximated by a nearest-neighbor model. Modified oligonucleotide strands with identical sequences were assumed to have identical extinction coefficients. The measurements were performed for nine different concentrations of each siRNA in the range 10^−4^--10^−6^ M. Absorbance versus temperature melting curves were measured at 260 nm at the heating rate of 1°C/min from 0°C to 90°C using a JASCO V-650 spectrophotometer with a thermoprogrammer. The melting curves were analyzed, and the thermodynamic parameters were calculated using a two-state model with MeltWin 3.5 software.[@bib77] For most duplexes, the ΔH° derived from TM-1 versus ln(CT/4) plots was within 15% of the value derived from averaging the fits to individual melting curves as expected if the two-state model is reasonable.

Statistical Analysis {#sec4.11}
--------------------

Experimental data were analyzed with a two-tailed t test with unequal variance in Microsoft Excel software. Three intervals of statistical confidence were considered as 0.05, 0.01, and 0.001. Statistics were calculated from three independent experiments (each containing three technical repeats), normalized to virus titer from cells treated with Lipofectamine 2000 only.
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[^1]: The names of the siRNAs originate from the numbering of the first 5′ nucleotide at the (+)RNA5 target site (an "s" before the siRNA name means sense strand; an "a" means antisense strand). Modifications in the RNA sequence are marked with bold and underlined letters (**T**, thymidine residue; **fC**, 2′-fluorocytidine residue; **fU**, 2′-fluorouridine residue; **[N]{.ul}**^**PS**^, phosphorothioate nucleotide residue; **[N]{.ul}**^**M**^, 2′-*O*-methylated ribonucleotide residue; ^**d**^**N**, deoxyribonucleotide residue, **[N]{.ul}**^**L**^, LNA residue). Sequence changes in siRNAs targeting A/PR/8/34 (H1N1) are underlined (613′, 682′, 1312′, and 1342′). ASOs are fully 2′-*O*-methylated oligonucleotides.
